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AIR REAGEIONS TO OBJECTS MOVING AT RATES ABOVE THE VELOCITY OF
SOUND WITH APPLICATION TO THE AIR PROFTTLID.

By S. Albert Reed, Ph,D,

In the ocourse of expsriments conducted during the year 1916,
regarding acoustic pitch of high frequenoy, it Qae found necec :ax:
to use an apparatus with arms radiating from a hub and rotating
at a very higﬁ rate of speed, In an effort to reduce air resist-
ance it was discovered that the arms could be made quite thin and
sharp at the edges and still have sufficient strength to withstand
centrifugal force. It was further observed that, through centrif-
ugal force, the arms possessed sufficient rigidlity to resisy
streasses which existed tangential to the oiroles described by the
tips of the blades. This naturally led to the oénsideration,
whether a twist (warpingf or inolination (pitch) of the arm-blade
from the radial plane could be maintained, the arms then acting
as blades of a propeller. It developed that with the proper shap.
and proportion a twist or warp could be maintained with reasonable
constancy making it evident that I had perhaps discovered an ele-
mentary air sorew or propeller adapted to-very high speeds. Inve. -
tigationa pertaining to..ths usual type of propeller disclosed thﬁt
tip speeds seldom exceed 900 feet per second and that the only re.--

corded attempts to explore the higher speeds appeared in a paper
issued- by the British Advisory Committee for Aeronautics, March,

. 1819. At tﬁié tiﬁe.a tip speed of 1180 feet per second was reach-
ed with a two~blade nine-foat propeller, the observations reveal-

ing that, "as the tip speed approached the velooclity of sound the
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usual air flow breaks down éntirely,the slip-stream rapidly d.wmin
ishes and ultimately disappears; the air apparently belng sucked
in on both sides of' the disc and exhausted at or close behind uhe
pariphery when the velocity of sound is reached,"

There has been a tradition general among aeronautiocal engl-

..neers that a oritical point exists for tip speeds at or near the

veloocity of sound, indicating a physical 1limit in the use of pro-
pellers at higher tip speeds; the idea being that something.would

- occur analogous to what is known in marine propellers as cavlia-

tion. Being unable to find a verification of this tradition or a
record of other experiments along this line,_other than the Britsi-

_ish paper quoted, it appeared that this field had been practically

unexplored. With the new type of blade, deseoribed in this parer,
it 1s evident that other and more extensive experiments are possi
ble- and that the - -validity -of tbhe existing belief can be tested.
It also appeared, in reference to the air resistance of project-
lles, that there-yés supposed to exlst a critical point in the

plotted curve of speed and reslistance at veloclties between 1100

and 1209 feet per senond.* In the examination of the physics per-

taining to beth propellers. and prujectiles moving at or above 1100
feet per seccnd, the oonclualon was reached by me that there ia n«
reason for the existence of such a oritical point and that, if 1i
had been noted by observers 1t was not 1nh;fen$ in the phenomena.
revealed, but rather due to a.particular'qhape or proportion of
the projectile and tbat, with properly proportioned sections, it

: ®ould not exlst.

* Berthol. Guns and Gunnery.
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Experiments were then begun with ttin flat blades of alual:.
ccnstruoted with sharp edges and set at various angles of twist -
nitch up to 45 degrees, and with tip speeds from 700 %o 15850 ft/-=.

Series 1. This series was tested in the author's laboratory
with a 10 HP eleoctric motor at 1150 r.p.m. geared to propeller
shaft in ratlo of 13,35 to 1, producing a shaft speed of 14038
r.p.m, Oor 335 r.p.s. Aluminum propellers of two blades measuring
tvo feet from tip to tip were used, with provision for measuring
sreed, thrust and torque,

Series 3. were made and tested under_thg author's direotlions
by the engin;ers of the Curtiss Aaroplane and Motor Corporation 2t
their factory in Garden Gity, L.I., N.Y. A 100 HP airccaft eugine
at 1500 r.p,m., capable of running at 1800 r.p.m. was used. 7TLe
gear ratio was 4 to 1, producing a propeller speed of 100 &t.p.s.
Aluminum propellers measuring four feet from tip to tip of blade
were used, propellers having two, four and six blades of various
shapes and prorortions, all blades being so thim as to make them
devold of suffiloient structural or inberent rigidlity to withstand
more than a fraction of the streesée of operation, relying mainly
upon the virtual or kinetic rigidity due to centrifugal for:a,

Serjes 3. Propellers <installed on standard well-known types
of airplanes and subjected to rigid tests under actual flight con-
ditions. '

Discussion.

From the well-known formula for centrifugal force it is easil
agscertalned that, with a velooity of 1500 feet per seoond, the rad
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1al tension at the tips, in this case, is inoreased about 33N
times, i.e. one ounce at the tip produces a radial tension of ons
ton. With a defleoting-forcs on - the wholé .blade of not over 100
1lbs, , parallel to the shaft, there would be bui & slight flexure,
thereby permitting the use of thin blades with sharp edges and. a
minimum contour, without the danger of rupture, Furthermore, as
a matter of convenience and simplicity in menufacturing for test-
ing purposes, the boss can be made very plainly quite unlike the
helical shape of the regulation propellsr as will be seen further
on.

Numerous mechanical devices were designed to meet the rather
unusual requirements of enormous rotational speed, high porer, and
the necessity of obtaining accurate measuxr:.e.ts of thrust and
torque, In order to relieve the propeller siait of almost every
gtraln excent torsion, the shaft, witﬁ%ts ~infon, was monr'el so
as to be free to move in either direction pursllel to thy ., as
shown in Fig, 3, avoiding the usual device of a3 sliding or clutch
Joint, whioh necessarily causes some degree of binding and an in-
terference with thrust varilation readings. The geared transmissio.
avoids this binding in that the teeth are rapidly engaged and dis-
engaged, thereby affording intervals, although. extremely brief,
during which the thrust variations take: place,

The longltudinal play in the propeller shaft was about a half
inch. The shaft ;aé equipped with a flange which operated against
ball bearings, the-latter running -in a ooncave receptacle attached

to a hinged lever. The free end of thls lever was connected to a
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spring soale, thereby providing a mesns by which the thrust wa~

measured as shovn in Fig. 5.

ST PR B e i . - e et

The thrust bearing requirements presented problems far be-
yond the scope of customary ball-bearing praoctice. In Serles I,
Jt was necessary to make provisions for a maximum thrust of 50 lbs,
at 335 r,p.8., ard in Se*iea 32, for a maximca thrust of 5C0 lbs.
at 100 r.p, 8. 7o meet these unusyal conditions three sets of ball-
bearings were employed and arrangsd in tandem, thereby reducing
thelr speeds by the ratio of the number of sets used, as shown
in Flg. 3. This proved to be a complete success.

In order ito ascertain the torque stresses 1n the. counter-
shafts intervening ietween the motor and propeller, measurements
were made pw the use of an extended arm in accordance with the
principle of the well-known transmission dynamometer, Fig. 4. The
torque of the frame or box, carrying tﬁbse countershagts, had a
certain fixed ratio to the HP being tranemitted making it poesible
to get a very accurate reading.

The apparatus used in making experiments in Serles 1 and
likewise in Series 2, 1is shown—in Figs. 3, 4 and 5. Fig. 7 shows
the results in Series 1 with @pe 23- and 17h{ﬁoh propellers given
in Fig., 6, ihe 17-inoch being simply a 3z~inch propeller_ with the.
blades cut off 3 1/3 inches. -~Fig. 8 presenis the diffeicuce pe-

“tween thrust and torque at the same r.p.s. dus to the 3 1/3 inch

difference ;n.blade'length, avolding the complication of including
the character;stics of the more slowly-moving poriions of the
blades. )
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The Tesults obtained in experimsnts with s two-blade, 4—fo.-

~ gt B -

propeller of geries 2, are given in Fig. =. )

o - - It-i8- quite apparent rrom thesé.fesﬁiié,-tuat-the ras.o of
shrust to tip speed undergoes no. appreciable variation wion ex-
cseding the velocity of sound or even to an excess of,so% in ve=
locity, and that the physioa 1n the problem reveals nothing that
would deter the operation. of propellers at tip epeeds fa; greater
than .those heretofore considered possible, ThLe fallure of the
British experiment, previously referred to, was due no doubt to
the.air turbulence and other diaturbing factors resulting from ti-
use of blades not adapted to high speeds.

In the problem of projectiles, wvaluable déta may be derived
from this method, by eliminating the angle of attack or pitch witli
the consequent thrust, and by measuring the rotational air resist-.

" ance only, the blades generally having an approrimate "hoat_slope"

-section - a term applied to. certain types of rifle bullets. No
previous uee apparently bas been made of this method, in which it
is poasible to get very acourate and reilable observations, This
'1s due probably to the meehanical difficylties previously cuscrilts
ed, which will always be experienced when very high velocitles are
used, approaching and. exceeding that of sound. :

From observations of projectiles in flight 1t 1s ¥nown that
the usual velooity of e rifle bullet iz 3100 to 2700 ft.p.s., and
thé pistol bullet below 1000 ft.p.s. |

The results from a seriss of experimsnts 1ln the rsgiun.;: e

locities from 700 to 1400 ft.p.s. with the 33—and 17-irch proDdel
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lers at 0? pitch, are given in Fig, 13, It will be noted that
thare appears to be no coritical point or sudden turn in.the plot-
ted curve at-or near -the velooity of sound, B

As to the rate of rotation to velocity, the frequency of the

alr impulses from ore blade -of a two-bladed propeller at 100 r.p.s.

is about equal to that of the 3rd F, reaching the middle octaves
of a plano: The tone emitted by the 3~ and 4-foot propellers when
sbsorbing 100 HP fs olear, sharply definite as to pitch, and of
great intensity, heing audible for several miles, The tone 1s
very similar to that of a powerful steam siren and has none of the
confused and distyessing violence olaimed in the British experi-
ment. ‘

The standard two-blade propeller, of the usual ocharaoter,
when mounted on an aircraft engine with the customary speed of
1500 r.p.m., gives rise to alr impulses reaching the ear at =zoout
40 per second, no greatér than the lowest bass note of a plano and
is therefore generally not clea:ly perceptible, as a definite mus-
ical tone, mainly beocause of its depth of piton.- It is also’of
the same frequency as that of the tone of ap é-oylinder oexhaust,

| but the latter, being more powerful, remains the rredominating

sound, y . . :
Very high sprd propellers have an unusual note of great pen-

" etration, quite dlstinot from the roar of the exhsust, Important

usage has been made of this tone in experiments, by whieh it weas
posaible to determine speed and a verification of tachometer reac-

ings.



TLe success of these experlmenis is due largely to tke X R

1.:7 with which tke profiles were designed in order to get <%tabil-
“ty of pitoh, stability against flutter:ng and aiso against az2v-
usntal vibration under the action of enormous centrifugal foroce,
in these designs the resultant of axial, radial, tangential and
torsicnal stresses on the blade at full qpéqq gave a olose uniform-
ity of load dietrivution, the blades tue;ef;;e not vibrating eithe.
ag a whole or segmentally. If such vi;raﬁions do occur, due Ic an
improper form, the thrust dimirisnes pgréeitibly, ag seems to ha~
been the case in the British ex@érimegté, the absorption of power
may increase rapidly and beoome exoeséive while the sound emitted
may be of a most disagreeable character,

With the proper form the thrust and torQue progress steadily
and in a constant ratio, and the sound emitted is a clear, definite
sinpls note, the pitoh being easily determined by comparison ﬁith
& sultable tuning instrument. . .

In order to ascertain the performance of a propeller in actuas
flight, and owing to the dlameter of the propeller making it tno
large for the wind tunnel, the Curtiss Aer0pldne & Yotor Corpora-
tion anchored an airplane immediately in front of the propeller
ereoted for test. The alrplane propeller was driven by its own
engine and delivered a slip stream parallel to the slip stream of
the propeller under test - the winq being controlled to some esiilewn.
by screens - at an average veloolty of 41.9 miles per hour as ind!
cated by a Pitot tube. The results obtained from this method, al-
though reasonably substantial, are not considered as baving the
accuracy of thoese of wind tunnel tests.
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The comparative results of thruaﬁg 5. v.locitles of a four-
tlade, 4-fcot propeller from tests in a wind, simila; to that Jue
_Gesided, wilth those.of.a.wind. tunnel-are -given-im Fig, 1%-

Referring to Svries 3, the practical. test, nine different pro—
pellers were made and used on airplanes 1n'fiight: one, the D-4
. on a Curties J.N., 0.X.5, 75 HP engine, Fig, 1; another, first on
a Curtiss Standard K-8, 150 HP engine, and afia2rward on a duftiss'_
.Oriole, 160 HP engine, Fig. 3; two others on Curtiss Orioles, and
one on an Air Mail 400 HP Liberty englne, In the first four oases
my propeller proved the more efficient when corparsd with a wood
propeller while with the Libgrty engine, the pitch being 1.irposely
too low for full speed, the flight was made with engine throttled,
the propeller turning at about 1900,

The D~1 and D-3 were tested statically at. McOook Field and
proved a success. D-1 had been flown several times on a 160 HP
engine and also endured a 30-hour test successfully, The D-8 was
flown a number of times, twice with a passénger, attalning an air
speed of between 106 to 108 m.p.h., thé usual wood propeller acocom-
plishing a speed of 96 m.p.h. It was again flown on an Orinle,
in a race duvring the spring meet at the Curtiss Field and won eas-
ily against several oompetitors. It was then given to Amundsen foi:
an Oriole taken on the Arctio Expedition. Another propeller, D-8,
was tested to destruotion at MoCook Field in order to determine
' the maximum blade width in ‘the tip region which a blade of certain
root thickness can sustain without oscillation of pitch, or flut-
tering under the stresses for whioh the propeller is designed,



- 10 -

Tests were also made with s 50% additional overload as requlred i:
# vernment tests. The apeed was increased until the p}tch'broké

. down, oausing-Tieient"flutt%rihg”which'éﬁéﬂ¥ﬁﬁii§';égﬁi£§&'in
frasture, Witk the data thus obtained the waximum power absorp-
tioh oan.be determined and when the propeller, so deaigned is sud-
jected to test and® found to maintain its pitoh steadily, it ocan be
relied upon as proof againat fracture in servioce.

The D-36 propeller, 7-foot 9-inches in diameter, with a Q;foof
€-inch pitoh, designed for the Curtiss Army Racer for the Pulltzer
trophy, was testéd statically at Mccobk Field in Octdber, 1933, to
over 3300 r.p.m., absorbing 639 HP withoﬁt flutter and without de-
formation. '

In the propartiqning of sﬁiasses exerted on the blades, in or-
der to maintain the required pitch, there are involved calculatior:
and formulas which differ in some degree from thoss used for wood
propellers, necessitating a departure from established precedents.
There is no doubt, however, but that propellers of this type can t
_adapted fbr use up to the higﬁest powers and speeds; in fact, at
the present time, they are probably superior in efficienoy to any
qﬁher. Being made of solid duralumin, or an alloy with similar
physiocal propertles, and in a single plece, 1t has no hollow space.
weldings or rivets. Its we;ghﬁ is -almost the same as that of a
wood propeller of the same area; and while the advantages of metal
over wood are generally accepted, its superior aerodynamic prope: -
tles are still the prominent and essential factor. This latter

feature is due to the thinneass of the blades, the use of which
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without deformavion under conditioas of seréics, has been made
pcesible in ths Reed propailes.

_This propeller may-be-classed as" semi—fletible. ‘1% 18 made
of rolled sheet metal 5/8" to 1" thick, annealed, and ocut to the
desired shape, The tapering in thickness 1s begun & short dis-
tance from the hub--center aﬁd 1s ocontinued straight to the tips,
at which point the thiokness is from 1/10" to 3/16". The baok
surface of the tapered position is cambered, producing an approve:
airfoil section, at least, from the 20" station out, with lower
surface flat and upper surface cambered. The blades are twisted
to the proper pitch and heat-treated, after which they are drille.i
to admit the propeller shaft and then mounted, either on one of
the regular wood propellier steel hubs by mreans of a flller block,
or on a specilally shaped steel hub as shown in Fige. 10 and 1.
The ﬁroPeller is then rigid at thé center and progressively llex-
ible toward the tips.

In order.to further present the theory of this proreller, at-
_tention may be given to Fig. 14, in which the approxiuate profilee
of a typilcal wood propeller and that of the Reed propq}}er at the
same radiil, are given, the peripheral speeds in feef per second
for an 1800 r.p.m, being : .
Radii: 6' 13" 18" 384" 30" 36" ‘43" 48" .54 60"
F.P.S.:94. 3,188.4, 383. 6, 376, 8,471,565, 3,659, 4,753. 6,847.8,943 -

‘The performance of airfoils is generally.assumed to agree wis.
the results obtained in wind tunnel experiments which..have been
made up to 8E0 ft.p.s. only, with interpolﬁtions for greater spec:il:
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up to 200 f+.p.s., the latter belng acoepted without quesiloz, al-
though based upon assumption. In considering speeds whioch aprroackt
_ﬁhe veloolty of sound there 1s. reason, however,. for not-relying up-
on interpolation; the indiocations ‘from results for speeds approach-
ing 1100 £t.p.s. being that there is no longer only the inorease
in pressure on the rear surface and a diminution on the front sur~
face, both'oontributing to a useful_thrust, but also a pressure
wave which acoumulates around and on_both sides of the leading
edge Qnd a similar rarefaction wave at the tralling edge.

These pressure waves opread forwardly as well as aft in rela;
tion to the course of the airplanse, and, therefore, not contribut-
ing to thrust, absorb and wagje power, As affecting the velocity
of bullets, Professor Boys' photographs of bullets in flight, made
first in 1893, and desoribed in "Nature," March, 1893, and also in
Smithsonian Institution reports of 1893 (similar photographs are
nuow belug made by Mayor Wheelock at the Frankiurt Arsenal) turow
much light on this subject, demonstrating that slowly-moving tul--
lets, having a speed of not over 800 ft.p.s., may have qulite a
blunt nose withous creating a compression wave (Fig. 15); but as
+he velooclty approachss and exceeds 1100 ft,.p.s., the compression
waves become the ochief consideration, and are reduced only by the
use of a sharp nose, or a small angle, and a cut-away tall (Figs.
15 and 16). In the Reed proﬁeller the blade sections up to ar— .=-
imately 36" from the Mult-center, travelling &t abcut 800 £t.p. 3. .
could, ﬁherefore, have reasonably thilok aéoticna with blunt edgu.,
but beyond this station the thinness of prnfile and sharpneds ot
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edzes becomes a ;ery matsrial fzotor; and in the eight or ten
inches of the tip, a portion which contributes largely to thrust,
it 1s a matter of serious 3mportance whether or not the leading

" edge 18 blunt or shaxip, and with a low angle of edge.

Another advantage, by no means negligible, 1s afforded in tihe
Reed propeller, in the thrust oreated by the profiles toward the
root of the blades. Although comparatively small, this portién
contributes té_thrust and also produo;s a cooling blast of air
aga;nst the nose of the fuselage, which is very serviceable when
a radiator is used.at that point. Thé profiles in this portion of
a-wood propeller, as shown in Fig. 14, are thiock and poor}y-shaped
_serving more in the capaolty of strength, and do not create enough
thrust to carry even their own weight, It may, therefore, be the-
oretioally concluded that the higher effioienby of my propeller is
due somewhat to the strnoture at this point, the decterminc.Bic.. .z,
based upon experiments, indicating that the net average advant- e
gained is at least €%. Considering radial tension as existing
speclifically in the Reed propellers on account of centrifugal
force; calculations reveal that under a_speed of 2000 r.p.m. the
tension doces not e;ceea.eooo lbs, per equare inch of section,-anG
moreover, under 3060 T.PsM, the tension.does not exceed 80%..of the
breaking strailn claimed for the material. In the matter of pitﬁh
constancy when properly pgoportioned the proﬁellér will maintain
its pitch under a-powér absorption of 50% in exeess of that for -
which 1% 1s designed. Otbher features of value, nct contained in
the usual wood propeller, will be readily appreclated, i, e, fLe
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pltch 1s adjusiable, and on acoount of the duotility of the mate.-
ial, the blades ocan be twisted baock and forth a number of times ,
-%1thoutmin3uiy-to the material until- the-desired pitch 1s obta%ned
Furthermore, in the case of acaidenté; causing a moderate deforma-
tion, it 18 possible that the original shape may be completely Te-
stored. Still another feature, made possible bi the thinness and
flatness of the blades at the root, is that by crossing a two-
blade propeller, a four- or six-blade propeller is easlily provided

or if preferred, two or more can be mounted in tandem,
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